Abstract. We systematically investigated the Sr isotopic characteristics of a small silicate watershed, the Xishui River a tributary of the Yangtze River, and a small carbonate watershed, the Guijiang River a tributary of the Pearl River. The results show that the two rivers have uncommon Sr isotopic characteristics compared with most small watersheds. Specifically, the silicate watershed (Xishui River) has relatively high Sr concentrations (0.468 to 1.70 µmol L −1 in summer and 1.30 to 3.17 µmol L −1 in winter, respectively) and low 87 Sr/ 86 Sr ratios (0.708686 to 0.709148 in summer and 0.708515 to 0.709305 in winter). The carbonate watershed (Guijiang River) has low Sr concentrations (0.124 to 1.098 µmol L −1 ) and high 87 Sr/ 86 Sr ratios (0.710558 to 0.724605).
Introduction
By analyzing the Sr isotopic compositions of marine limestones and their shells, the evolution curve of the seawater 87 Sr/ 86 Sr ratio in the Phanerozoic was well established (Veizer and Compston, 1974; Brass, 1976; Burke et al., 1982; Elderfield and Gieskes, 1982; DePaolo and Ingram, 1985; Palmer and Elderfield, 1985; DePaolo, 1986; Hess et al., 1986; DePaolo, 1987, 1988; Raymo et al., 1988; Veizer, 1989; Capo and DePaolo, 1990; Hodell et al., 1991; Richter et al., 1992; Veizer et al., 1999; Korte et al., 2006; Melezhik et al., 2009) . The Sr isotope budget of the oceans is dominated by its supplies via rivers, hydrothermal vent waters, and diagenesis of deep-sea sediments, and the dissolved Sr flux to the modern oceans via rivers is far more than those via the latter two (Palmer and Edmond, 1989) . In particular, the Ganges and Brahmaputra, originating in the southern Qinghai-Tibet Plateau, are characterized by both high Sr concentrations and high 87 Sr/ 86 Sr ratios and thus have a major influence on the increase in the Sr isotopic composition of seawater (e.g., Krishnaswami et al., 1992; Harris, 1995; Derry and France-Lanord, 1996; Quade et al., 1997; Singh et al., 1998 Singh et al., , 2006 English et al., 2000; Dalai et al., 2003) . Therefore, many researchers attribute the steady increase in the 87 Sr/ 86 Sr ratio in the oceans since the Cenozoic mainly to the uplifting of the Qinghai-Tibet Plateau, which caused increased silicate weathering and highly radiogenic Sr flux to the oceans. As the silicate rocks in the southern Himalayas have both high 87 Sr/ 86 Sr ratios and high Sr concentrations, the rise of the Sr isotopic composition of seawater since the Cenozoic can be used as a proxy of intensified silicate weathering (Palmer and Elderfield, 1985; Raymo et al., 1988; Edmond, 1992; Krishnaswami et al., 1992; Richter et al., 1992; Harris, 1995; Blum, 1997; Chesley et al., 2000; English et al., 2000; Bickle et al., 2005) . However, other studies have shown that the unusual metamorphic evolution of the Himalayas was enriched with carbonates, resulting in abnormally high 87 Sr/ 86 Sr ratios, and that the weathering of such carbonates might control the 87 Sr/ 86 Sr ratios of river water (e.g., Edmond, 1992; Palmer and Edmond, 1992; Quade et al., 1997; Blum et al., 1998; Harris et al., 1998; English et al., 2000; Karim and Veizer, 2000; Jacobson and Blum, 2000; Bickle et al., 2001; Jacobson et al., 2002a) . If much of the radiogenic Sr in the rivers is derived from carbonate weathering, then changes in the seawater Sr isotopic composition would not be a proxy of the continental silicate weathering intensity.
To better understand the contribution of silicate and carbonate weathering to the Sr isotopic composition of river water, we selected two small watersheds: one was the Xishui River draining silicate rocks, a tributary of the Yangtze River, and another was the Guijiang River draining carbonate rocks, a tributary of the Pearl River. In the two river catchments, silicate and carbonate rocks account for approximately 95 % of the respective drainage area. By analyzing the Sr isotopic compositions of river waters, we will discuss the Sr isotope characteristics and their controlling factors in small watersheds and investigate the relationship between silicate, carbonate weathering, and the Sr isotope evolution of seawater.
Studied areas
The Xishui River is a small tributary of the Yangtze River located at 115 • 07 -116 • 05 E and 30 • 20 -31 • 09 N. This river originates from south of the Dabie Mountain (elevation 1600 m), has a length of 157 km and a drainage area of 2670 km 2 . Its headwater is composed of the Donghe River and Xihe River, which converge in Yishan County. The Xishui River merges into the Yangtze River at Lanxi (Fig. 1) . The Xishui River catchment belongs to a subtropical monsoon climate with a mean temperature of 29 • C in the summer and 4 • C in the winter and an annual mean rainfall of approximately 1350 mm. The Xishui River mainly flows across the Dabie Mountain early Proterozoic metamorphic zone, which is altered by multiphase tectonism and regional metamorphism, forming a variety of metamorphic rocks and complete metamorphic facies. The catchment is covered with ultrahigh-pressure metamorphic rocks, mainly composed of eclogite, gneiss, and some granite (Fig. 2) (Bureau of Geology and Mineral Resources of Hubei Province, 1990; China Geological Survey, 2004) .
The Guijiang River, a tributary of the Pearl River, rises in the Miaoershan Mountain with an elevation of 2142 m. This river has a length of 438 km and a drainage area of 18 790 km 2 . The upper reaches are upstream of Rongjiang Town, and the middle reaches are from the confluence with the Lingqu River to Pingle County, also called "the Lijiang River", and then merge into the Pearl River at Wuzhou City (Fig. 3) . The annual rainfall and evaporation are approximately 2000 mm and 1100 to 1200 mm, respectively, and the annual average temperature is ∼ 20 • C in the Guijiang River catchment. Silurian granites, Ordovician-Cambrian shales, and mud rocks intercalate carbonate rocks and are mainly exposed in the headwater and upper reaches. The middle reaches are almost entirely covered with Devonian carbonate rocks, and the lower reaches flow across Cambrian terrain composed largely of carbonate rocks in intercalated shales (Fig. 4) (China Geological Survey, 2004 
Sampling and analysis
From the river mouths to the source areas of the Xishui River and Guijiang River, 57 samples of river water, 1 sample of rain water, 1 sample of snow, 27 samples of riverbed sediment, and 2 samples of soil were collected in July 2010, December 2010, and July 2011 (Figs. 1 and 3, Table 1 ). A portable water quality analyzer was used to measure the temperature, pH, and conductivity in situ. Flow measurement was used to measure the flow velocity in the field and to estimate the water discharge. All of the samples were collected from the river bank or midstream away from towns, avoiding contamination from anthropogenic activities, and were stored in pre-cleaned polyethylene bottles free of air. The water samples were filtered through a 0.45 µm mixed cellulose esters Millipore filter. An aliquot of the filtered water was acidified to pH < 2 with ultrapure grade 1 : 1 nitric acid. Ca 2+ , Mg 2+ , Na + , K + , Sr, and Si were measured in the filtered and acidified water using an inductively coupled plasma spectrometer (ICP-AES, JarrellAsh1100) at the Center of Modern Analysis of Nanjing University. The anions (F − , Cl − , NO − 3 , and SO 2− 4 ) in the filtered and un-acidified samples were measured using an ion chromatograph (Dionex series 1100) at the Key Laboratory of Surficial Geochemistry, Ministry of Education, School of Earth Sciences and Engineering, Nanjing University. The alkalinity was measured in the unfiltered water samples using a digital titrator (Hach 16900). The measurement reproducibility was determined by repeat analyses of samples and standards, which showed ±2 % precision for the cations and ±5 % for the anions. For most of the water samples, the total cation charge (TZ + = Ca 2+ + Mg 2+ + Na + + K + in meq L −1 ) balanced the total anion charge (TZ − = HCO
in meq L −1 ) within the analytical uncertainties, and the normalized inorganic charge balance (NICB = (TZ + − TZ − )/TZ + × 100 %) was within ±5 % (Wu et al., 2013) . For the Sr isotope ratio analysis, the Sr was separated from the samples using standard ion exchange techniques. The Sr isotopic compositions were measured using a Finnigan Triton thermal ionization mass spectrometer at the State Key Laboratory for Mineral Deposits Research, Nanjing University. The reproducibility and accuracy of the Sr isotope runs were periodically checked by running the Standard Reference Material NBS 987, with a mean 87 Sr/ 86 Sr ratio of 0.710248 ± 20 (2σ external standard deviation, n = 15). The Sr isotopic ratios were normalized to 86 Sr/ 88 Sr = 0.1194. The analytical blank was < 1 ng for Sr.
Only the < 63µm fine-grained fractions of the riverbed sediment and soil samples were used. The calcite in the samples was selectively dissolved with purified acetic acid (0.5 mol L −1 ) at room temperature for up to 8 h, and only the silicate fractions were investigated. All of the pretreated samples were cleaned in pure water, powdered in an agate mill, and then digested with a mixture of HCl + HNO 3 + HClO 4 + HF. The analysis of Sr concentrations and isotopic compositions is the same as for the water samples.
Results
The Sr concentrations and 87 (Fig. 5) . It is surprising that each of the rivers exhibits entirely opposite Sr isotope characteristics than those of classic silicate and carbonate weathering. These reasons will be analyzed in Sect. 5. Table 2 also contains some major ion concentrations in the Xishui River (Wu et al., 2013) . For the Guijiang River, we did not analyze major ions, and some data from other researchers are listed in Table 2 for reference.
The Sr characteristics of the riverbed sediments and soils are given in Sr/ 86 Sr ratios in the Guijiang River catchment are much higher than those in the Xishui River, reflecting obvious differences in the Sr isotopic compositions of the underlying bedrock in the two catchments. 
Discussion

Sr isotope characteristics and controlling factors in the Xishui River
Silicate rocks in the Xishui River catchment account for approximately 95 % of the drainage area. Among them, gneisses are dominant and granites are mainly distributed in the source area and in the Bailianhe Reservoir. Moreover, basic and ultrabasic rocks are exposed in a scattered manner. However, as a silicate watershed, the Xishui River has low 87 Sr/ 86 Sr ratios (< 0.71). The 87 Sr/ 86 Sr ratios of samples in the summer decrease gradually going downwards from the source area and reach the lowest value at Yinshan County (Fig. 6 ). After flowing across granites, which are widely distributed across the Bailianhe Reservoir, the 87 Sr/ 86 Sr ratios increase and then gradually decrease from XS3 to XS1. The varying trend of 87 Sr/ 86 Sr ratios in the winter is very similar to that of the summer with the exception of XS3-XS1, a Major ion concentrations in the Xishui River were from a companion paper (Wu et al., 2013) . b Major ion concentrations in the Guijiang River were cited from H. B. . Compared with our samples, they were collected at a different time (April 2012), and therefore can only be a reference. (Zheng et al., 2000; Ge et al., 2001a, b; Chen et al., 2002) . The Sr concentrations in the Xishui River are relatively high and the lower reaches have higher values than do the headwaters. The samples XS8-XS4 in the summer and winter have similar trends of increasing Sr concentrations. However, the varying trend of samples XS3-XS1 between the summer and winter is remarkably different, as reflected in the very high Sr concentrations of samples XS3 and XS1 in the winter. Moreover, the concentrations of the major ions Ca 2+ , Mg 2+ , and HCO − 3 of samples XS3 and XS1 were also rather high. This result may reflect hydrological control at the basin scale. The river water is , and Sr in the two samples may be caused by increasing carbonate dissolution in the shallow aquifer, whereas the river water is typically derived from the upper reaches in the summer (Wu et al., 2013) .
Seasonally, the Sr concentrations in the summer are obviously lower than those in winter, reflecting a dilution effect resulting from increasing discharge. Variations in the 87 Sr/ 86 Sr ratios are slight and do not exhibit notable regularity. As the Xishui River only has a length of 157 km, the climate effect (temperature, rainfall, evaporation, etc.) among different samples can be negligible. In field reconnaissance, we found that the vegetation type and coverage were similar in the catchment. Studies on the major ions showed that the water residence time in the Xishui River was far shorter than the typical seasonal variation and therefore did not evidently affect the chemical composition of river water, but that the hydrological properties might affect the seasonal differences (e.g., the influence of an aquifer) (Wu et al., 2013) . Due to the lack of data on the Sr isotope in the aquifer, the influence of the aquifer on the seasonal variations of the 87 Sr/ 86 Sr ratios in the Xishui River is unknown. In Table 4 , we compile some Li et al. (2010) investigated the groundwater in cultivated land, grassland, construction land, and forest land, and the industrial and domestic waste in southwestern China and resulted in 87 Sr/ 86 Sr ratios of 0.70762 to 0.71273. The 87 Sr/ 86 Sr ratios of 24 fertilizers that are commonly used in Spain range from 0.703350 to 0.715216 with an average of 0.70823 (Vitòria et al., 2004) . Brenot et al. (2008) (Zheng et al., 2008) (Table 5 ). As the 87 Sr/ 86 Sr ratios of these potential sources are close to those of the Xishui River water, it is difficult to separate their respective contributions. Studies on the major ions have shown that samples in the summer have higher Na + , K + , Cl − , NO − 3 , and SO 2− 4 concentrations than those in the winter, reflecting the influence of agricultural activities and acid rain (Wu et al., 2013) . In the next section, we will use an inversion model to identify the influence of anthropogenic activities.
Source of Sr in the Xishui River
The Sr in river water is mainly from atmospheric input (Sr atm ), anthropogenic activities -urban sewage (Sr urb ) and agricultural activities (Sr agr ) -silicate weathering (Sr sil ), carbonate weathering (Sr carb ), and evaporite dissolution (Sr ev ) . To quantify the relative contributions of the six endmembers, an inversion model is used (Négrel et al., 1993; Gaillardet et al., 1999; Wu et al., 2005; Chetelat et al., 2008) . The set of mass balance equations is as follows (Negrél et al., 1993; Gaillardet et al., 1999) : 
where X represents Ca, Mg, K, Cl, NO 3 , and Sr; i represents the six endmembers; and α i,Na represents the respective mass fractions of Na from different sources. The closure equation is as follows:
Although the Xishui River is a silicate watershed, the lithologies in the catchment are complex, and carbonate rocks are distributed in a stratified and lenticular manner in metamorphic rocks. Therefore, the Na-normalized ratios analyzed in the Xishui River are not suitable for representing the silicate endmember. For the Na-normalized ratios of the silicate endmember, the data of some "truly small watersheds draining Winter (10.9 ± 2.9)-(0.1 ± 0.1)-(0.2 ± 0.01)-(7.5 ± 1.9)-(30.8 ± 2.5)-(57.1 ± 4.2) (0.5 ± 0.3) 0 (18.7 ± 2.0) (25.3 ± 6.5) (53.5 ± 2.9)
silicate rocks" (with a drainage area < 10 km 2 ) are referenced (Edmond et al., 1994; White and Blum, 1995; Oliva et al., 2003) . The ratios are 0.2 to 1.0 for Ca/Na, 0.15 to 0.5 for Mg/Na, 0.1 to 0.3 for K/Na, 0.002 to 0.004 for Sr/Na, and 0 for Cl/Na and NO 3 /Na (Wu et al., 2013; Table 6 ). For the other five endmembers, the Na-normalized ratios in the Yangtze River from other authors are used (Chetelat et al., 2008 and references therein; Table 6 ). Starting from an a priori set of end-member compositions, (X/Na) i , we iteratively solved for the proportion of those six endmembers in each sample (α i,Na ) and the endmember compositions themselves, (X/Na) i . The global optimization process within the optimization software package identifies the solution that best predicts the measured compositions in the least-squares sense and propagates the errors (Wu et al., 2013) . The standard deviation of the a posteriori values from the a priori ones (relative to the a priori errors) is systematically computed and checked for consistency. The results show that the relative standard deviation of the different α i,Na is < ±5 % for the silicate source and < ±20 % for the evaporite and carbonate sources, whereas for the atmospheric source, it can reach 30 %. Due to the low contribution from urban sewage (α urban,Na < 1 %), the uncertainties can reach up to 100 %. The calculated contributions of the different sources of Sr in the river are listed in Table 7 .
As shown in Table 7 , the Sr in the Xishui River results mainly from silicate weathering, atmospheric input, and carbonate weathering, followed by evaporite dissolution. The influence of anthropogenic activities is negligible. Although the distributed area of carbonate rocks is only < 5 % of the drainage area, it has a disproportionately important contribution to the Sr in the Xishui River (average 19 %), which is consistent with the conclusion of the studies of the major ions (Wu et al., 2013) . Previous studies have indicated that trace calcite in small watersheds draining silicate rocks could contribute a large proportion of the major ions in the river (Blum et al., 1998; Jacobson et al., 2002b; Oliva et al., 2004) . As the 87 Sr/ 86 Sr ratios of silicate rocks in the Xishui River catchment are very close to those of Paleozoic carbonate rocks in the Yangtze Platform (Table 4) , even if the contribution to Sr from carbonate weathering far exceeds its distributed area, it still has no obvious decreasing influence on the 87 Sr/ 86 Sr ratios of the river water.
Sr isotope characteristics and controlling factors in the Guijiang River
The Guijiang River flows across the karst region intercalated by detrital rocks, sand rocks, mud rocks, and shales in southern China; granites are only exposed in the source area Miaoershan Mountain and in the upper reaches of the tributary Siqin River. (Liu et al., 2011; Zhu et al., 2011 Huang, 1997; Zeng et al., 2007; Liu et al., 2011, Table 4 ). These carbonate rocks are very close in age to those in the Guijiang River catchment, and their 87 Sr/ 86 Sr ratios are therefore used in many studies in the karst area in southwestern China (e.g., Han et al., 2010; Han and Liu, 2004; Jiang et al., 2009 (Fig. 7) . The high values of the headwater samples S1 and S3 (0.715849 and 0.715973, respectively) can be attributed to granites in the Miaoershan Mountain with extremely high 87 Sr/ 86 Sr ratios (Table 4) . With an abundant exposure of carbonate rocks, import of fertilizers, urban runoff, and municipal water with low Sr isotope values (Tables 4  and 5 ), the 87 Sr/ 86 Sr ratios obviously decrease downwards from the source area. The sample S5 has the lowest 87 Sr/ 86 Sr ratio in the Guijiang River because the Sr isotopic compositions of the Carboniferous carbonate rocks are the lowest in the Late Paleozoic (Huang, 1997) . The mainstream 87 Sr/ 86 Sr ratios rise remarkably from samples S5 to S10, gradually decrease from S12 to S15, and then fluctuate from S17 to S22. The variation trend is inconsistent with the 87 Sr/ 86 Sr ratios of the tributaries and therefore does not result from the confluence of these tributaries. Previous studies on karst water showed that the water draining sand rocks had the highest 87 Sr/ 86 Sr ratios, followed by dolomites and limestones . Therefore, the variation in the 87 Sr/ 86 Sr ratios in these reaches may be attributed to the subtle differences of the underlying bedrock and/or to anthropogenic influence. After flowing through Pingle County, the 87 Sr/ 86 Sr ratios progressively increase and reach the highest value near the river mouth. The Guijiang River catchment downwards from Pingle flows across Cambrian strata consisting of carbonate rocks intercalated by sand rocks, mud rocks, and shales, which have higher 87 Sr/ 86 Sr ratios than those of the Devonian and Carboniferous rocks (Burke et al., 1982; Huang, 1997 Guijiang River water should be caused by silicate weathering, which is consistent with the high 87 Sr/ 86 Sr ratios of the silicate fraction of the riverbed sediment and soil in the catchment. The tributaries Longjiang River and Siliang River have the highest 87 Sr/ 86 Sr ratios in the entire Guijiang River. As the two tributaries are small enough, the silicate components exposed in a scattered manner can significantly influence the 87 Sr/ 86 Sr ratios of the river water. Generally, the 87 Sr/ 86 Sr ratios of the Guijiang River are much higher than those of the upper and middle Pearl River (the Nanpan River of 0.70740 to 0.70856, Xu and Liu, 2007 ; the Xijiang River of 0.70837 to 0.71049, Wang et al., 2009 and 0.708487 to 0.710336, Wei et al., 2013) . These ratios are also higher than those of the tributaries Wujiang River (0.707722 to 0.711037) and Yuanjiang River in the karst region (0.708711 to 0.714479) of the Yangtze River (Han and Liu, 2004) . This result suggests that although the Guijiang River is a karst river, a few silicate components, such as granites, sand rocks, mud rocks, and shales, with high Sr isotopic compositions contribute significantly to the 87 
where Sr flux indicates Sr fluxes transported by rivers and 0.70916 represents the 87 Sr/ 86 Sr ratio in modern seawater (Hodell et al., 1990) . The 87 Sr ex of the Xishui River at Lanxi is −0.29 × 10 3 mol yr −1 and −1.6 × 10 3 mol yr −1 in the winter and summer, respectively. The negative values indicate that the Xishui River will decrease the Sr isotopic compositions of seawater as a silicate watershed. Certainly, only the Xishui River has no visible influence on the Sr isotope evolution of seawater as a small watershed. However, many rivers draining young basalts also have low 87 Sr/ 86 Sr ratios and cannot contribute to noticeable increases in the Sr isotopic composition of seawater. For example, Yale and Carpenter (1996) observed a correlation between the formation of large basalt provinces and decreases in the Sr isotope ratio of the ocean. Taylor and Lasaga (1999) studied the contribution of chemical weathering of the young Columbia basalts to the Sr isotope evolution of seawater. These authors concluded that sharp decreases in the marine 87 Sr/ 86 Sr ratios reflected periods of increased global weathering rates, and young and old lithological variations could be among the major controlling factors of the marine Sr isotope record. Allègre et al. (2010) proposed that intensive weathering on volcanic islands, island arcs, and oceanic islands was the missing source of the mantle-derived 87 Sr/ 86 Sr ratio (0.703) in the seawater Sr isotope balance and represented approximately 60 % of the actual mantle-like input of Sr to the oceans. Therefore, considering that many rivers draining basalt province globally, this type of silicate watershed with low 87 Sr/ 86 Sr ratios may significantly influence the Sr isotope evolution of seawater. Additionally, many recent studies have shown that the global flux of CO 2 consumed by the chemical weathering of basalts represented 30 to 35 % of the consumption flux of the continental silicate (e.g., Gaillardet et al., 1999; Dessert et al., 2003; . In this case, river catchments with high silicate weathering rates do not transport highly radiogenic Sr into the oceans. Therefore, the use of the Sr isotope ratio variations of seawater to deduce the continental silicate weathering intensity may be questionable
Conclusions
As a small silicate watershed, the Xishui River has relatively high Sr concentrations and low 87 Sr/ 86 Sr ratios. An important reason for these characteristics is that the gneisses and granites that are widely distributed in the catchment have rather low Sr isotope ratios. The 87 Sr ex of the Xishui River at Lanxi is −0.29 × 10 3 mol yr −1 and −1.6 × 10 3 mol yr −1 in the winter and summer, respectively, indicating that the Xishui River decreases the Sr isotope values of seawater. Considering the low 87 Sr/ 86 Sr ratios of young basalts, these rocks may also reduce the seawater Sr isotope ratios. However, silicate weathering rates in these river catchments are very high and thus significantly affect the atmospheric CO 2 consumption and the global climate change. In this sense, there is no direct relationship between the silicate weathering intensity and the sea water Sr isotope evolution. In contrast, the Guijiang River has low Sr concentrations and high 87 Sr/ 86 Sr ratios as a small carbonate watershed, which is mainly attributed to the weathering of the exposed silicate components in the catchment.
